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ABSTRACT
Low mass, low metallicity galaxies at low to moderate (z. 3) redshifts offer the best opportunity for detailed
examination of the interplay between massive stars, ionizing radiation and gas in sources similar to those that
likely reionized the universe. We present new narrowband Hubble Space Telescope observations of Lyα emis-
sion and the adjacent ultraviolet (UV) continuum in the low mass (M? = 2×108 M), low metallicity (Z ∼ 1/20
Z) and highly ionized gravitationally lensed galaxy SL2S J02176−0513 at z = 1.844. The galaxy has strong
Lyα emission with photometric equivalent width W photLyα = 218± 12 Å, at odds with the Lyα escape fraction of
10%. However, the spectroscopic Lyα profile suggests the presence of broad absorption underlying the emis-
sion, and the total equivalent width is consistent with the escape fraction once this underlying absorption is
included. The Lyα emission is more spatially extended than the UV continuum, and the 0.′′14 spatial resolution
of HST coupled with the magnification of gravitational lensing enables us to examine the distribution of Lyα
and the UV continuum on sub-kiloparsec scales. We find that the peaks of the Lyα emission and the UV con-
tinuum are offset by 650 pc, and there is no Lyα emission arising from the region with the strongest UV light.
Our combined spectroscopic and imaging data imply a significant range in neutral hydrogen column density
across the object. These observations offer indirect support for a model in which ionizing radiation escapes
from galaxies through channels with low column density of neutral gas.
Keywords: dark ages, reionization, first stars — galaxies: evolution — galaxies: formation — galaxies: high-
redshift — gravitational lensing: strong
1. INTRODUCTION
Roughly 500 million years after the Big Bang, at a time
corresponding to the emergence of the first sources of ion-
izing radiation, the neutral hydrogen gas pervading the uni-
verse became ionized (e.g., Planck Collaboration et al. 2018).
The identity of these sources of ionizing radiation remains
uncertain, but it is likely that faint, low mass galaxies con-
tributed a significant fraction of the required numbers of en-
ergetic photons (Kuhlen & Faucher-Giguère 2012; Robert-
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son et al. 2015). Thus low mass, low metallicity galaxies are
a population of cosmological importance, and considerable
effort has been expended in recent years on the attempt to
understand the intrinsic ionizing spectra of such galaxies, as
well as how or if this radiation escapes into the intergalactic
medium (IGM).
Massive stars in low metallicity galaxies produce signifi-
cant amounts of Lyman continuum radiation (LyC; photons
with energy E > 13.6 eV), but the likelihood of this radiation
escaping from the galaxies depends on the amount and dis-
tribution of neutral hydrogen gas. Our ability to observe this
ionizing radiation further depends on the opacity of the IGM
along the line of sight, with the result that the Lyman contin-
uum cannot be directly detected during the epoch of reioniza-
tion. It is therefore essential to understand the physics of LyC
escape in galaxies at lower redshifts, where this emission can
be detected and measured.
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Low mass, low metallicity, highly ionized galaxies in the
local universe now account for most of the objects with indi-
vidual detections of LyC radiation (Leitet et al. 2013; Lei-
therer et al. 2016; Izotov et al. 2016a,b, 2018a,b), and an
understanding of the neutral gas properties of such objects
is therefore paramount. In the absence of direct measure-
ments of H I, which are prohibitively difficult outside of the
very nearby universe and even then may result in upper lim-
its (Puschnig et al. 2017; McKinney et al. 2019), perhaps the
best way to constrain the properties of neutral hydrogen is
through the observation of the resonantly scattered Lyα emis-
sion line.
The expanding outflows of highly star-forming galaxies
produce redshifted Lyα emission lines, as the photons that
most easily escape the galaxy are backscattered from the
far side of the outflow (e.g., Pettini et al. 2001; Shapley
et al. 2003; Erb 2015; Gronke 2017). As the opacity to Lyα
photons decreases a secondary blueshifted peak of emission
may become increasingly prominent, and the separation be-
tween the blue and red peaks decreases as photons require
fewer scatterings to escape the gas (e.g., Verhamme et al.
2006; Dijkstra 2014). Thus observations of highly ionized
local emission-line galaxies (e.g., the “Green Peas") usually
show strong, often double-peaked Lyα emission (Henry et al.
2015; Jaskot et al. 2017; Yang et al. 2017).
We further expect the escape of Lyα and LyC emission to
be coupled, since both depend on the distribution of neutral
gas (Verhamme et al. 2015). This expectation is supported
by the narrow Lyα peak separation of known LyC-emitting
galaxies in the local universe (Verhamme et al. 2017), and
by the increase in ionizing flux density relative to the non-
ionizing continuum with increasing Lyα equivalent width ob-
served in galaxies at z∼ 3 (Steidel et al. 2018).
A complete examination of the Lyα profiles reveals a com-
plex picture, however; some extremely low metallicity galax-
ies have damped Lyα absorption (e.g., James et al. 2014),
while some of the sources with the highest degree of ioniza-
tion in their H II regions show a blend of strong emission and
underlying absorption (McKinney et al. 2019). It is clear that
H I gas with a wide range of column densities may exist in
these extreme galaxies, and geometrical effects are a strong
factor in determining ultimate Lyα escape.
Because Lyα photons are scattered spatially as well as
spectrally, images of Lyα emission provide constraints on
the extent of neutral hydrogen gas. Hubble Space Telescope
(HST) observations of small samples of local galaxies reveal
extended Lyα emission (Hayes et al. 2014), and Lyα halos
are now known to be ubiquitous around galaxies at high red-
shifts; such halos are detected in stacked, narrowband Lyα
images (Steidel et al. 2011; Matsuda et al. 2012; Momose
et al. 2014, 2016) and in observations of individual galax-
ies with sensitive new integral field spectrographs (Wisotzki
et al. 2016; Leclercq et al. 2017; Erb et al. 2018). The most
powerful constraints on H I from Lyα therefore come from
the combination of both spatial and spectroscopic observa-
tions.
In this paper we use both spectroscopic measurements of
the Lyα profile and the sub-kpc spatial resolution afforded by
the combination of HST and gravitational lensing to compare
the properties of Lyα, the UV continuum, and collisionally
excited emission lines in the z = 1.844 gravitationally lensed
arc SL2S J02176−0513 (α = 02:17:37.237, δ = −05:13:29.78,
J2000; hereafter SL2S J0217). SL2S J0217 was discovered
by the Strong Lensing Legacy Survey (Tu et al. 2009; Cooray
et al. 2011), and has been observed extensively with HST
due to its location in the UKIDSS/UDS field, which has been
covered by both the multi-wavelength CANDELS imaging
survey (Grogin et al. 2011; Koekemoer et al. 2011) and the
3D-HST spectroscopic grism survey (Momcheva et al. 2016).
SL2S J0217 has been previously studied by Brammer et al.
(2012) and Berg et al. (2018). The system consists of a low
mass (M? = 2× 108 M), strongly star-forming (SFR = 23
M yr−1), low metallicity (Z ∼ 1/20 Z), and highly ionized
galaxy at z = 1.8444, magnified by a factor of∼ 17 by a mas-
sive foreground galaxy at z = 0.6459. Many of the properties
of the lensed arc are extreme: the high SFR and low stellar
mass result in an exceptionally high specific star formation
rate sSFR = 120 Gyr−1, while the 3D-HST grism spectrum
reveals [O III] λλ4959, 5007 emission with rest-frame equiv-
alent widthW0 = 2095 Å and line ratios similar to those found
in very low metallicity starburst galaxies in the local universe
(Brammer et al. 2012).
Berg et al. (2018) have recently presented a detailed anal-
ysis of the rest-frame UV spectrum of SL2S J0217 from the
Low Resolution Imaging Spectrograph (LRIS) on the Keck
I telescope. This spectrum is dominated by strong emis-
sion from nebular C IV λλ1548,1550, He II λ1640, O III]
λλ1661,1666, and C III] λλ1907,1909, indicating a very hard
ionizing spectrum. SL2S J0217 is thus part of a growing
sample of low metallicity galaxies at low (e.g., Jaskot & Oey
2014; Jaskot et al. 2017; Berg et al. 2016; Izotov et al. 2018b;
Senchyna et al. 2019; Berg et al. 2019), intermediate (z∼ 2–
3; Erb et al. 2010; Stark et al. 2014; Erb et al. 2016; Vanzella
et al. 2016; Amorín et al. 2017) and high (z & 6; Stark et al.
2015a,b, 2017; Mainali et al. 2018) redshifts characterized
by extreme ionization and high equivalent width nebular line
emission. SL2S J0217 also shows strong, double-peaked
Lyα emission with a slightly stronger blue peak and inter-
stellar absorption lines consistent with the systemic velocity,
indicating that in spite of the strong star formation there is
no evidence for outflowing gas along the line of sight (Berg
et al. 2018).
The paper is arranged as follows. We describe our obser-
vations and the reduction of the new HST data in Section
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Figure 1. Left: The spectrum of SL2S J0217 with the F343N and F390M bandpasses overlaid. The thin light grey line indicates the continuum
fit used to separate the line and continuum flux in the F343N filter, and the blue point with horizontal error bar shows the spectrum-weighted
average wavelength λ¯ and the rectangular-equivalent filter width ∆λ; see Section 3.1. Right: The double-peaked Lyα profile in velocity space.
2. In Section 3 we assess the strength of the Lyα emission,
measuring the total photometric Lyα flux in Section 3.1 and
examining the Lyα escape fraction and equivalent width in
Section 3.2. We quantify the spatial distribution of both Lyα
and the UV continuum in Section 4, focusing on the image
plane in Section 4.1 and the source plane in Section 4.2. In
Section 5 we summarize our results and discuss their impli-
cations. We assume that H0 = 70 km s−1 Mpc−1,Ωm = 0.3, and
ΩΛ = 0.7. With these values of the cosmological parameters,
1′′ at the redshift of SL2S J0217 corresponds to 8.4 proper
kpc.
2. OBSERVATIONS AND DATA REDUCTION
We have obtained new images of SL2S J0217 with the
UVIS channel of the Wide Field Camera 3 (WFC3) on the
Hubble Space Telescope, using the F343N and F390M fil-
ters (see Figure 1) to observe Lyα and the adjacent UV con-
tinuum respectively (program ID GO-14632, PI Erb). Ob-
servations in the F343N filter consist of six orbits with two
dithered exposures per orbit, for a total F343N integration
time of 16,758 s. In the F390M filter we obtained one orbit
with two dithered exposures, for a total F390M integration
time of 2738 s.
We combine the raw exposures in each filter using
AstroDrizzle (Hack et al. 2012; Avila et al. 2015) ver-
sion 2.1.21. We first astrometrically align the images from
each independent visit, and then combine the exposures set-
ting drizzle pixfrac = 1.0 and using a final pixel scale of
0.′′033. We use inverse variance weighting and do not sub-
tract the sky background from the raw images in order to pre-
serve the noise statistics for later analysis. We instead sub-
tract the background from the drizzled images as a final step,
using background images constructed with SExtractor
(Bertin & Arnouts 1996). Before making photometric mea-
surements we use the Schlafly & Finkbeiner (2011) dust
map to correct the F343N and F390M images for foreground
Galactic extinction, finding AV = 0.0601 along the line of
sight to SL2S J0217. Using the Cardelli et al. (1989) extinc-
tion law, the resulting corrections are 0.096 and 0.090 mag
at the effective wavelengths of the F343N and F390M filters
respectively.
The fully reduced images have units of counts per second,
which can be converted to flux density using the flux density
of a source with 1counts−1 in the appropriate filter.1 The 1σ
limiting specific surface brightnesses of the images are 1.4×
10−18 erg s−1 cm−2 Å−1 arcsec−2 and 3.3×10−18 erg s−1 cm−2
Å−1 arcsec−2 in the F343N and F390M filters respectively.
We also make use of broadband imaging in the ACS
F606W, ACS F814W and WFC3 F160W filters from CAN-
DELS (Grogin et al. 2011; Koekemoer et al. 2011), and
WFC3 grism observations from the 3D-HST survey (Mom-
cheva et al. 2016) previously described by Brammer et al.
1 These flux densities are 2.53× 10−18 erg s−1 cm−2 Å−1 for F343N and
2.51× 10−18 erg s−1 cm−2 Å−1 for F390M, also given as PHOTFLAM in the
image headers.
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Figure 2. New HST imaging of SL2S J0217. The object to the right of the arc is the counterimage of the background source. The massive red
z = 0.65 lensing galaxy is invisible at the rest-frame near-UV wavelengths covered by the two filters. Left: The F343N image, including the
Lyα emission line. Center: The F390M image, covering the adjacent UV continuum. Right: The continuum-subtracted Lyα image, with the
continuum level determined as described in the text.
(2012). Finally, we use the rest-frame UV Keck/LRIS spec-
trum of SL2S J0217 previously analyzed by Berg et al.
(2018). This spectrum is shown in Figure 1.
3. THE STRENGTH OF Lyα EMISSION
We use the new narrowband imaging of SL2S J0217 to
measure the Lyα flux and equivalent width in the F343N fil-
ter, informed by the spectrum shown in Figure 1. Briefly, we
create a continuum-subtracted Lyα image and define a region
encompassing the arc, and then measure the total Lyα flux in
two different ways for verification. We scale a synthetic spec-
trum integrated over the filter bandpass until it matches the
counts in the image, and additionally determine the effective
filter width needed to calculate the total Lyα flux. Finally we
measure the continuum level of the spectrum in order to com-
pute the equivalent width. We describe each of these steps in
more detail below, and all measured and derived quantities
are reported in Table 1.
3.1. Photometric measurement of Lyα emission
In order to measure the total Lyα flux captured by the
F343N filter, we first use the spectrum to determine the frac-
tion of the flux in the filter due to the continuum. We mask
the significant emission and absorption lines and fit the re-
sulting masked spectrum with a spline; this fit is shown by
the grey line in the left panel of Figure 1. We then use this
spline to interpolate the spectrum over the Lyα emission line
to form a line-free continuum spectrum.
We determine the continuum count-rate in each filter
CRF343N,line−free and CRF390M,line−free by integrating this line-
free spectrum over the F343N and F390M bandpasses taken
from pysynphot and using the HST collecting area. The
ratio of these two count-rates then gives the relative strength
of the continuum in the F343N and F390M filters. We find a
continuum correction factor
CCF =
CRF343N,line−free
CRF390M,line−free
= 0.58. (1)
We then make an F343N continuum image by scaling the
F390M image by this correction factor, and finally create
the line-only Lyα image by subtracting this continuum im-
age from the F343N image: F343N(Lyα) = F343N−CCF×
F390M. This image is shown in the rightmost panel of Fig-
ure 2. We note that the continuum in F343N is significantly
lower than in F390M (i.e. CCF < 1), and that we have as-
sumed that the continuum correction factor is uniform across
the image; we discuss these issues further in Sections 3.2 and
5 respectively.
The next step is to identify the pixels belonging to the arc.
We define an initial region using pixels with S/N > 2 in the
F343N image smoothed with a FWHM = 4 pixel Gaussian
filter, and then apply this region to the unsmoothed line-only
Lyα image and increase the size of the region until the counts
in the Lyα image are maximized2 (this is also the point at
which the S/N of the enclosed Lyα emission begins to drop).
Applying this mask to the F343N and F390M images, we
measure the AB magnitudes listed in Table 1.
The total Lyα flux in the F343N filter can be determined
by constructing a synthetic spectrum with an emission line
with the observed width and wavelength of Lyα, integrat-
ing this spectrum over the F343N bandpass, and scaling the
emission line until the count-rate obtained from the synthetic
spectrum matches the count-rate in the masked, continuum-
subtracted Lyα image. This total flux is FphotLyα = (1.70±
0.09)×10−15 ergs−1 cm−2.
2 Note that the background of the Lyα image is consistent with zero.
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We can also determine the flux in the Lyα image by mul-
tiplying the flux density in the line-only image by the ap-
propriate filter width. We use the bandpass information
from pysynphot to calculate the effective rectangular filter
width
∆λ =
∫
Rλ(λ)dλ
Rλ(λ¯F343N)
, (2)
where Rλ(λ) is the filter response evaluated at λ and λ¯F343N is
the average wavelength of the spectrum weighted by the fil-
ter transmission. Note that this differs from the pysynphot
version of this definition,3 which uses the peak response of
the filter. That definition would be appropriate for a smooth,
continuum-dominated spectrum, but as is visible in Figure 1
the peak response of the filter does not coincide with the
wavelength of the Lyα emission line.
The filter-weighted average wavelength is found by inte-
grating the continuum-subtracted spectrum over the filter,
λ¯F343N =
∫
λRλ(λ)F
line−only
λ dλ∫
Rλ(λ)F
line−only
λ dλ
, (3)
for which we find λ¯F343N = 3455.6Å. With this average wave-
length the effective rectangular filter width is ∆λF343N =
344.6Å, compared to 249.4Å based on the standard defini-
tion. The product of the line-only image and this rectangular
filter width is the final Lyα image; this image has 1σ limiting
surface brightness 8.3×10−16 ergs−1 cm−2 arcsec−2.
To calculate the Lyα flux in the F343N image we apply
the spatial mask to the line-only image in order to isolate
the Lyα emission. We compute the count-rate by spatially
summing the Lyα emission in the masked line-only image,
and convert this into a flux density as described in Section
2. The Lyα flux is then the product of this flux density and
the effective rectangular filter width ∆λ defined in Equation
2. The result is FphotLyα = (1.69± 0.09)× 10−15 ergs−1 cm−2, in
agreement with the flux obtained from the synthetic emission
line above.
Finally, we measure the Lyα flux from the spectrum in
order to assess the impact of spectroscopic slit losses. We
first adjust the flux calibration of the spectrum to match the
F390M continuum image by multiplying the spectrum by a
factor of 0.96; this is the ratio of the count-rate in the F390M
image and the count-rate in the synthetic F390M image cre-
ated by integrating the spectrum over the filter. After this
small correction, we measure the line flux in the spectrum to
be F specLyα = (1.1± 0.3)× 10−15 ergs−1 cm−2, or (66± 16)% of
the flux in the Lyα image. We use the final Lyα image and the
effective rectangular filter width for spatially-resolved sur-
face brightness measurements in Section 4 below.
3 See https://pysynphot.readthedocs.io/en/latest/properties.html#.
Table 1. Photometric and Spectroscopic Measurements
F343N AB magnitude 22.54±0.01
F390M AB magnitude 22.59±0.07
Spectroscopic Lyα flux (ergs−1 cm−2) (1.12±0.26)×10−15
Photometric Lyα flux (ergs−1 cm−2) (1.69±0.09)×10−15
Spectroscopic emission-only WLyα (Å) 144±34
Photometric emission-only WLyα (Å) 218±12
Total emission+absorption WLyα (Å) 51±23
Lyα escape fraction 0.097±0.006
3.2. The Lyα escape fraction and equivalent width
We estimate the Lyα escape fraction by predicting the ex-
pected Lyα flux from the Hβ emission measured in the slit-
less WFC3 grism spectrum (Brammer et al. 2012). Correct-
ing for foreground Galactic extinction only and assuming an
intrinsic ratio Lyα/Hβ = 23.3,4 we find f Lyαesc = 0.097±0.006,
using the photometric Lyα flux determined above.
We compare this escape fraction with the Lyα equivalent
width, determined by dividing the Lyα flux by the continuum
flux density at the center of the line. Using the photometric
and spectroscopic fluxes, the equivalent widths are W photLyα =
218±12 Å and W specLyα = 144±34 Å respectively.
The Lyα escape fraction and equivalent width are well
known to be strongly correlated (e.g., Verhamme et al. 2017;
Harikane et al. 2018; Sobral & Matthee 2019), and based on
these correlations one would expect a galaxy with WLyα ≈
200 Å to have an escape fraction approaching 100%, dras-
tically different from the 10% we measure for SL2S J0217.
This discrepancy was noted previously by Berg et al. (2018),
and we confirm here that it is still present when accounting
for Lyα flux missed by the spectroscopic slit. We note that
additional low surface brightness Lyα emission may still be
present below our detection threshold, if additional flux is
scattered to large radii in the CGM.
However, the emission-only equivalent width that we have
measured above may not be a full representation of the Lyα
profile of SL2S J0217. As noted above, the continuum count-
rate in the F343N filter predicted from the spectrum is only
58% of the count-rate in the F390M filter, and examination
of the spectrum and the continuum fit in Figure 1 shows a
potential very broad absorption feature underlying the emis-
sion line. Broad Lyα absorption is seen in other low metal-
licity, highly ionized galaxies: McKinney et al. (2019) have
recently presented examples of Lyα emission with underly-
ing absorption in extreme Green Pea galaxies, and in Figure
4 Appropriate to an electron density ne = 100 cm−3; assuming ne = 1000
cm−3 decreases the derived escape fraction by 10%.
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Figure 3. The Keck LRIS spectrum of SL2S J0217 (black) compared with the HST COS spectrum of the local low metallicity galaxy SBS
0335−052 (red). Both spectra are normalized, and the grey dashed lines in both panels show the SL2S J0217 1σ error spectrum. Left: The
Lyα profiles. The SL2S J0217 spectrum has been rebinned by a factor of three to increase the signal-to-noise. The spectrum of SBS 0335−052
is from HST program 11579 and has been presented by James et al. (2014). The strong emission features in the spectrum of SBS 0335−052
are geocoronal Lyα and O I emission. Right: The high ionization emission lines C IV λλ1549, 1551, He II λ1640, and O III] λλ1661, 1666.
The spectrum of SBS 0335−052 is drawn from the HST archive (program 13788, PI Wofford). Rest wavelengths of the lines are marked with
vertical dotted grey lines in both panels.
3 we show the Lyα profile of SBS 0335−052 (James et al.
2014), one of the most metal-poor galaxies known. As dis-
cussed by Brammer et al. (2012), SBS 0335−052 is one of a
very small number of local galaxies with rest-frame optical
line ratios and spectral energy distribution (SED) similar to
SL2S J0217.
As shown in the right panel of Figure 3, the high ioniza-
tion UV emission lines of SL2S J0217 and SBS 0335−052
are very similar. Both galaxies show narrow, nebular He II
emission as well as emission from C IV and O III]; the He II
and C IV emission in particular indicate a very hard ioniz-
ing spectrum (Berg et al. 2018). In the left panel of the
figure we compare the Lyα profiles of the two objects. In
spite of its high ionization SBS 0335−052 is a strong Lyα
absorber, with a damped Lyα profile indicating a column
density log(NHI) = 21.7 (James et al. 2014).
Although the SL2S J0217 spectrum surrounding the Lyα
emission line is quite noisy, the general shape of the profile
is similar to that of SBS 0335−052, suggesting that SL2S
J0217 may in fact be best characterized by a superposition
of strong Lyα emission and damped absorption. Given the
low S/N we do not attempt to determine the column density,
but we do make a rough estimate of the total Lyα equivalent
width including this potential absorption in addition to the
emission (see, e.g., Kornei et al. 2010 for discussion of the
complexity of the Lyα profile and associated measurements
of equivalent width). We define lower and upper limits of the
absorption feature at 1170 Å and 1292 Å in the rest frame
respectively; these are approximately the points at which the
spectrum reaches the continuum on either side of the line.
We then define the continuum surrounding Lyα as the aver-
age value of the spectrum at these wavelength limits, subtract
this average value, and integrate the spectrum between the
wavelength limits to determine a net Lyα flux. We multiply
this flux by a factor of 1.5 to account for spectroscopic slit
losses as discussed above, and divide the resulting value by
the average continuum level to obtain an estimate of the total
emission + absorption Lyα equivalent width. The result is
W totLyα = 51±23 Å.
While this value is highly uncertain, it does indicate that
including the underlying absorption can lead to a large re-
duction in equivalent width, alleviating the discrepancy be-
tween the emission-only equivalent width and the escape
fraction. Using the relationship between Lyα equivalent
width and escape fraction found by Sobral & Matthee (2019),
f Lyαesc = 0.0048× (WLyα/Å)± 0.05, we would predict f Lyαesc =
0.24± 0.12; this result differs from our measured value of
f Lyαesc = 0.097± 0.006 by 1.2σ. We also note that we would
have arrived at a similar total equivalent width by calculating
WLyα from photometric information only; disregarding the
spectrum and simply assuming that the continuum level is the
same in the F343N and F390M filters results in an equivalent
width of 41 Å. As this method is closer to that employed for
much of the Sobral & Matthee (2019) sample, the improved
agreement with their prediction is perhaps unsurprising. It is
clear that the Lyα equivalent width is highly sensitive to the
method of measurement when complex profiles are involved.
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Figure 4. Contours of Lyα (dark blue) and UV continuum (red) emission, shown on the F343N surface brightness image. Contours are
calculated for the Lyα and UV continuum images smoothed with a Gaussian filter with FWHM = 4 pixels (0.′′13), and have levels (0.9,1.2,
1.5, 1.8, 2.1)×10−15 ergs−1 cm−2 arcsec−2 for the Lyα emission and (0.4, 0.8, 1.2, 1.6)×10−17 erg s−1 cm−2 Å−1 arcsec−2 for the continuum. The
inset at lower right shows the northern portion of the arc for which the Lyα and continuum emission are most clearly separated, with additional
dashed orange contours indicating the total emission in the F343N filter. F343N contour levels are (1, 2, 3)×10−15 ergs−1 cm−2 arcsec−2.
We will return to the question of Lyα absorption in Sections
4.2 and 5 below.
4. THE SPATIAL DISTRIBUTION OF Lyα EMISSION
The new HST imaging enables us to compare the relative
spatial distributions of Lyα emission and the continuum light
from massive stars at ∼ 1350–1400 Å. We first examine the
extent of the Lyα and continuum emission in the image plane,
and then use the lensing model to reconstruct images of the
source in Section 4.2.
4.1. Lyα and the UV continuum in the image plane
A comparison of Lyα and the UV continuum across the
arc is shown in Figure 4, in which we draw contours of Lyα
and UV continuum surface brightness (from the continuum-
subtracted Lyα and F390M continuum images respectively)
on the F343N image. As already suggested by the spectro-
scopic slit losses described above, the Lyα emission is more
extended than the continuum at the ends of the arc, and we
also see evidence that the peaks of Lyα and the continuum are
not spatially coincident, particularly in the northern portion
of the arc. We zoom in on this portion of the arc in the inset
panel at lower right in Figure 4, where we also show contours
indicating the total emission in the F343N filter; these con-
tours indicate that even before the continuum subtraction, the
peaks of the F390M and F343N emission are spatially offset.
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Figure 5. Left: Image of the arc with a solid black line showing the fit to the maximum flux along the arc. We further divide the arc into four
quadrants using this ridgeline and the black dotted line at the vertical center of the arc. The four quadrants are plotted using different color
scales and labeled in each corner of the image (red in the northeast at upper left, purple in the northwest at upper right, blue in the southeast
at lower left, and green in the southwest at lower right). Center: Radial profiles of the Lyα (blue circles) and UV continuum (red squares)
surface brightness, measured perpendicular to the fit along the arc shown in the left panel. The PSF is shown by the black dotted line, and the
blue dashed line shows the best fit to the Lyα surface brightness profile using an exponential convolved with the PSF. Right: Radial profiles
of the Lyα and continuum emission surface brightness in each of the four quadrants of the arc separately (northeast, northwest, southeast and
southwest, as labeled in the upper right corner of each panel and corresponding to the regions in the left panel). Symbols are the same as in the
center panel.
In order to quantify the relative extents of Lyα and contin-
uum emission in the image plane, we construct radial profiles
perpendicular to a line of maximum flux running along the
arc. We first use the F343N image to identify the brightest
pixel in each row along the arc, and then fit a smooth poly-
nomial to these points, weighting each point by its S/N. This
curve is shown in the left panel of Figure 5.
Next we determine the perpendicular distance of each pixel
from this line, bin the pixels by this distance, and determine
the mean surface brightness in each bin. We use bin sizes
of 0.′′02 for both the continuum-subtracted Lyα and F390M
continuum (rest-frame ∼ 1350–1400 Å) images, and multi-
ply both the Lyα and continuum surface brightnesses by the
appropriate effective rectangular filter widths determined as
described in Section 3.1 above so that both surface bright-
nesses have units of ergs−1 cm−2 arcsec−2. The resulting ra-
dial profiles of Lyα and UV continuum emission are shown
in the middle panel of Figure 5.
These radial profiles of Lyα and the continuum confirm the
greater spatial extent of the Lyα emission. We also compare
the profiles with the point spread function, which we deter-
mine from the single bright star in the F343N and F390M
images to be well-fit by a Moffat profile with FWHM = 0.′′14
(black dotted line in Figure 5). The radial profile of the UV
continuum (red squares) is barely distinguishable from this
PSF, indicating that the continuum emission is largely unre-
solved in the direction perpendicular to the arc. In contrast,
the Lyα emission is not consistent with the PSF, and we find
that the radial Lyα profile is generally well-fit by an expo-
nential with scale length 0.′′12± 0.′′007 convolved with the
point spread function (dashed blue line). Thus although the
Lyα emission is more extended than the continuum, the rel-
evant spatial scale in the direction perpendicular to the arc is
still very small; if the lensing magnification is minimal in this
perpendicular direction, this would correspond to a physical
scale length of ∼ 1 kpc.
We next look for further spatial variations in the emis-
sion by dividing the arc into the four quadrants shown in the
left panel of Figure 5, and constructing radial profiles as de-
scribed above for the Lyα and continuum emission in each
quadrant separately. In this case we use larger bin sizes of
0.′′04 in order to compensate for the lower total flux in each
quadrant. The resulting profiles are shown in the four right-
hand panels of Figure 5.
The continuum emission is again largely consistent with
the PSF in all quadrants, while the extent of Lyα varies. We
again fit an exponential convolved with the PSF to each ra-
dial profile, finding scale lengths of 0.′′09–0.′′12 in all quad-
rants except the northwest, for which we find a somewhat
larger scale length of 0.′′14±0.′′01. While these tests demon-
strate that the Lyα and UV continuum light do not arise from
identical locations, further physical insight requires examin-
ing the images in the source plane.
4.2. Reconstructed source images
Berg et al. (2018) present a reconstructed source image of
SL2S J0217, using data from the CANDELS program and a
new lensing model that assumes a lensing potential with an
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Figure 6. Source reconstructions from the lensing model. Left: Continuum-subtracted Lyα surface brightness, with white contours outlining
the UV continuum traced by the F390M filter and dashed orange contours indicating surface brightness in the F160W filter, which is dominated
by [O III] λλ4959, 5007 emission. UV continuum and F160W contour levels are (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5)×10−17 and (0.1, 0.3, 0.5,
0.7, 0.9)×10−17 erg s−1 cm−2 Å−1 arcsec−2 respectively. Red dotted contours show regions of the Lyα image with S/N > 3; contour levels are
S/N = 3, 4 and 5. The red×, white + and orange dot indicate the Lyα, UV continuum and F160W peaks respectively. The red and white ellipses
at lower left show the point spread function at the locations of the Lyα and UV peaks respectively. Right: The UV slope β in the source plane,
constructed from the F606W and F814W images which trace ∼ 2000–2800 Å in the rest frame. We use only the regions of the images with
surface brightness greater than 1.0× 10−18 erg s−1 cm−2 Å−1 arcsec−2 in both F606W and F814W, and extreme values of β at the edge of the
image are likely due to low S/N. Contours are the same as the left panel.
elliptical power-law mass distribution and an empirical exter-
nal shear, while the source surface brightness is modeled as
an irregular grid (see their Figure 1 and Section 3). This im-
age reveals a compact, clumpy structure. 1 kpc in size, with
significant variations in broadband color across the source.
Here we apply the same lensing model to the new F343N
and F390M data in order to assess the origin of the Lyα and
UV continuum emission in the source plane.
We show the continuum-subtracted Lyα surface brightness
image in the source plane in the left panel of Figure 6, with
red dotted contours indicating the Lyα S/N (note that be-
cause spatial resolution in the source plane depends on the
S/N, the resolution of this image is lower than that of the
image presented by Berg et al. 2018). Additional contours
show the UV continuum surface brightness in the F390M fil-
ter (solid white) and the surface brightness in the F160W fil-
ter (dashed orange) for comparison. As discussed by Bram-
mer et al. (2012), the F160W filter is dominated by extremely
strong [O III]λλ5007,4959 emission with observed equiva-
lent width 5690 Å and flux F[OIII] = 3.09×10−15 ergs−1 cm−2.
The AB magnitude F160W = 20.90 then implies that nebular
emission accounts for & 70% of the flux in the filter, and we
use the orange contours as an estimate of the distribution of
the non-resonant [O III] emission in the source plane. The
Lyα and UV contours in Figure 6 approximately correspond
to the regions traced by the dark blue and red contours in
Figure 4.
The reconstructed source image in Figure 6 shows that the
peaks of the [O III] and UV continuum emission are largely
spatially coincident, while the strongest Lyα emission is off-
set to the west by 650 pc.5 Furthermore we find that there
is no Lyα emission arising from the regions of maximum
UV and [O III] surface brightness; the continuum-subtracted
Lyα image is negative in the regions surrounding the UV and
[O III] peaks. This result is also suggested by the distribution
of Lyα and UV light in the image plane shown in Figure 4,
in which we see that there is little or no Lyα emission arising
from the UV peak at the northern end of the arc.
In the right panel of Figure 6 we construct a map of the UV
slope β in the source plane, using the F606W and F814W im-
ages which trace emission at ∼ 2000 Å and ∼ 2800 Å in the
rest frame respectively. The variations in β across the source
are consistent with the color differences previously discussed
by Brammer et al. (2012) and Berg et al. (2018), but we now
5 The spatial resolution in the source plane varies as a function of position,
with FWHM ∼ 400 pc at the locations of the Lyα and UV peaks. The red
and white ellipses at lower left in Figure 6 show the PSF at the Lyα and UV
peaks respectively, determined by simulating images with point sources at
these locations and then finding the corresponding source-plane reconstruc-
tions. The Lyα source is only marginally resolved, but it is clearly separable
from the peak of the UV emission.
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see that the Lyα emission arises primarily from a very blue
portion of the galaxy with β ≈ −2, while regions with the
strongest UV and [O III] emission are redder with β ≈ −1.5.
The UV slope of the full arc is intermediate between these
values at β ≈ −1.7, as reported by Brammer et al. (2012).
Although we have followed previous spectroscopic work
on SL2S J0217 and assumed little to no dust, there is some
uncertainty in the total extinction; in the low resolution
grism spectrum Hγ is blended with [O III] λ4363, making
the reddening and metallicity determinations somewhat de-
generate, while the extinction obtained from the SED fit is
AV = 0.09±0.15 (Brammer et al. 2012). The data thus allow
for a small amount of extinction, as suggested by the redder
regions of the image in both the source and image planes.
The variations in the location of Lyα emission compared to
that of non-resonant nebular emission and the UV continuum
presumably indicate small-scale relative differences between
star-forming regions and their surrounding neutral hydrogen
gas. We discuss these variations in Section 5 below, in which
we bring together our spectroscopic and photometric results
on the strength and spatial distribution of the Lyα emission.
5. SUMMARY AND DISCUSSION
We have presented new high resolution, narrowband HST
observations of Lyα emission and the adjacent UV contin-
uum in the low mass (M? = 2× 108 M), low metallic-
ity (Z ∼ 1/20 Z) and highly ionized gravitationally lensed
galaxy SL2S J02176−0513 at z = 1.844. The rest-frame UV
spectrum of the galaxy and the filters used for the new obser-
vations are shown in Figure 1, and the Lyα and continuum
images are shown in Figure 2. Our primary results are as
follows:
1. Comparison of the total flux in the Lyα image with that
in the spectrum indicates spectroscopic slit losses of
∼ 33%, and the total Lyα flux in combination with the
continuum level underlying the emission line results in
a total photometric equivalent width W photLyα = 218± 12
Å. This large equivalent width implies a Lyα escape
fraction of ∼ 100%, at odds with the escape fraction
f Lyαesc = 0.097± 0.006 we measure from the Lyα/Hβ
ratio.
2. The spectroscopic continuum surrounding the Lyα
emission line shows a broad trough similar in shape
to the damped Lyα profiles seen in some local low
metallicity and highly ionized galaxies (see Figure 3),
although higher continuum S/N is required in order
to confirm this result. Including this absorption in the
measurement of equivalent width results in an emis-
sion+absorption equivalent width W totLyα = 51± 23 Å,
consistent within∼ 1σ with expectations from the Lyα
escape fraction given the uncertainties involved.
3. The Lyα emission is more spatially extended than the
UV continuum, with the largest differences seen in the
northwest portion of the arc (Figures 4 and 5). In the
direction perpendicular to the arc, the Lyα emission is
well-fit with an exponential profile with scale length
0.′′12 convolved with the point spread function, while
the UV continuum is spatially unresolved.
4. Reconstructed source images of the continuum-
subtracted Lyα emission, the UV continuum, and the
[O III]-dominated F160W image show that the peak of
the Lyα emission is offset from that of the UV con-
tinuum by 650 pc in the source plane, while the UV
and [O III] peaks are largely spatially coincident. The
Lyα-only image reveals net absorption in the regions
of strongest UV and [O III] emission. We also find that
a map of the UV slope β in the source plane indicates
that the strongest Lyα emission arises from a very blue
region with β ≈ −2, while the brightest UV and [O III]
emission comes from a redder region with β ≈ −1.5.
Source images and the map of the UV slope are shown
in Figure 6.
We propose a simple schematic model to account for these
observations, as shown in Figure 7. We suggest that sev-
eral regions of star formation are covered by an H I cloud or
clouds of varying column density, and that the highest col-
umn density gas is found in the region with the strongest star
formation. This region corresponds to the UV and [O III]
peaks marked in Figure 6; the high H I column density in
this region in combination with some dust as indicated by the
redder UV slope then accounts for the net absorption in this
portion of the Lyα image. In the western part of the galaxy
the star formation is less intense, as indicated by the weaker
UV continuum, but a lower H I column density allows Lyα
emission to escape more easily. This region of lower H I
column density also has a blue UV slope β ≈ −2, indicating
little dust compared to the regions with stronger star forma-
tion. Light from all of these regions is blended together in
the spectroscopic slit, resulting in the superposition of strong
Lyα emission and underlying broad absorption.
With this model in mind we reassess our previous assump-
tion that the ratio of the continuum in the F343N and F390M
filters (the continuum correction factor derived in Equation
1) is constant across the source; if the Lyα absorption in fact
comes primarily from the region of the strongest UV emis-
sion, this assumption may not be valid. The quantitative im-
pact of any potential spatial variation in the continuum cor-
rection factor is difficult to assess without spatially resolved
spectroscopic information, but we do not expect it to have a
major impact on our results. If the continuum underlying the
Lyα emission is dominated by the UV-brightest regions, then
we should recover the continuum correction factor reason-
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UV continuum
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HI cloud with varying 
column density
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Figure 7. Schematic model of the proposed configuration of stars
and neutral hydrogen gas. Intense, compact star formation is cov-
ered by a cloud of varying H I column density, resulting in Lyα ab-
sorption in the highest column density regions and emission in the
region of lowest column density. Light from all regions is blended
in the spectroscopic slit.
ably well at those locations. However, if the region of peak
Lyα emission actually has little absorption and a higher un-
derlying continuum, the assumption of a constant correction
factor would result in an undersubtraction of the continuum
in this region, and correcting for this would reduce the emis-
sion attributed to Lyα. We can gain some insight into the
likely impact of this effect from the F343N image shown in
Figure 4: the total F343N image before continuum subtrac-
tion demonstrates that the location of the Lyα peak is not set
by the subtraction of the continuum. As shown by the orange
contours in the inset panel, the F343N peak nearly coincides
with the continuum-subtracted Lyα peak, and is offset from
the peak in the F390M filter. We therefore believe that the
spatial offset between the Lyα and UV emission is robust to
uncertainties in the continuum correction factor.
We now return to the distribution of stars and gas in SL2S
J0217. While we cannot measure the column density NHI
directly, we can gain some insight via comparison with lo-
cal low metallicity, highly ionized galaxies. The separation
between the blue and red peaks of the Lyα emission line
∆peak is sensitive to the column density (Dijkstra 2014; Ver-
hamme et al. 2015), and is correlated with the LyC escape
fraction in local LyC-emitting galaxies, with most known
leakers having ∆peak < 400 km s−1 (Izotov et al. 2018b). The
escape of LyC radiation from these objects indicates at least
some channels with NHI . 1017 cm−2, the column density at
which the gas becomes transparent to the Lyman continuum
(Zheng & Miralda-Escudé 2002). While it does not neces-
sarily follow that all galaxies with ∆peak < 400 km s−1 have
NHI . 1017 cm−2, the low peak separation observed for SL2S
J0217 (∆peak = 371 km s−1; Berg et al. 2018 and see Figure 1)
does suggest a low column density in the region contributing
the Lyα emission.
We have proposed that H I gas with higher column density
is responsible for the broad absorption feature underlying the
Lyα emission. The continuum S/N is much too low to mea-
sure a column density from this absorption feature, but its
general shape in the wings of the profile is similar to that of
the local low metallicity galaxy SBS 0335−052, as we show
in Figure 3. James et al. (2014) measure log(NHI/cm−2) =
21.7 for SBS 0335−052, and so we suggest that the spec-
trum of SL2S J0217 is consistent with a column density
log(NHI/cm−2) ≈ 21.7 in the regions with net Lyα absorp-
tion.
The superposition of strong Lyα emission and ab-
sorption is not uncommon in extreme, highly ionized
galaxies. In a sample of 17 Green Pea galaxies with
[O III]λ5007/[O II]λ3727≥ 6.6 (but somewhat higher metal-
licities than SL2S J0217), McKinney et al. (2019) find six
with both strong, double-peaked Lyα emission and Lyα
absorption, and determine column densities in the range
19.5 < log(NHI/cm−2) < 21.4 by fitting Voigt profiles to the
wings of the absorption. Particularly notable is the extreme
galaxy J1608, with [O III]/[O II] = 35 (Jaskot et al. 2017);
this object shows both absorption with log(NHI/cm−2) = 21.4
and very strong emission with narrow peak separation
∆peak = 214 km s−1. The clear implication is that gas with
a wide range in column density may exist within the spectro-
scopic aperture.
Observations indicating a range of H I column densities in
a single object are consistent with a model of LyC escape in
which ionizing radiation escapes a galaxy through holes with
NHI . 1017 cm−2 (Heckman et al. 2011; Erb 2015; Verhamme
et al. 2015; Rivera-Thorsen et al. 2017; Chisholm et al. 2018;
Gazagnes et al. 2018; Vanzella et al. 2018; Steidel et al. 2018;
Rivera-Thorsen et al. 2019). Although transparent to the Ly-
man continuum, such gas is optically thick to Lyα photons,
so even the lowest column density gas is likely to produce
radiative transfer effects on the Lyα profile. This model of
varying column densities is also supported by measurements
of the residual intensities of low ionization interstellar ab-
sorption lines, which indicate that a partial covering fraction
of neutral gas is common (e.g., Quider et al. 2009; Heckman
et al. 2011; Rivera-Thorsen et al. 2015; Trainor et al. 2015;
McKinney et al. 2019).
SL2S J0217 is consistent with this scenario. Although the
low ionization absorption lines are not fully resolved, their
depths suggest incomplete coverage of the stellar continuum
(Berg et al. 2018), while the peak separation of the Lyα emis-
sion line lies in the same range as the values of ∆peak seen
in local LyC-emitters. Higher S/N is needed to confirm the
absorption in the Lyα spectroscopic profile, but the sub-kpc
spatial information afforded by the combination of HST and
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gravitational lensing allows us to separate the Lyα emission
from the strongest UV continuum.
It remains to be determined whether or not SL2S J0217 is
in fact a LyC-emitter. Although challenging, future space-
based observations of the ionizing continuum may address
this question. We conclude that SL2S J0217 remains a use-
ful template for the study of reionization-era sources. Its
extreme properties mean that it is rare among current sam-
ples of gravitationally lensed galaxies, but upcoming facil-
ities such as the Large Synoptic Survey Telescope (LSST)
will discover vast numbers of lensed sources (Collett 2015),
and extreme objects such as SL2S J0217 will be among them.
Observations with the James Webb Space Telescope and the
30-m-class telescopes will then provide new constraints on
the interplay between stars, radiation and gas in these young
galaxies.
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